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Introduction
Type 2 diabetes (T2D) is a chronic progressive disease characterized by several pathogenic abnormalities 
that together contribute to dysfunctional insulin secretion and signaling caused by compromised pancreatic 
β cell function and insulin resistance in multiple tissues, resulting in increased blood glucose levels (hyper-
glycemia) (1, 2). Pancreatic β cells, along with their secretory product insulin, are central to normal energy 
homeostasis and to the pathophysiology of  T2D. Under normal conditions β cells vary insulin secretion 
considerably so that high postprandial insulin concentrations stimulate glucose uptake in insulin-sensitive 
organs. Obesity is a common cause of  insulin resistance in humans. However, most obese individuals are 
not diabetic because via β cell compensation they can increase their daily rates of  insulin secretion 3- to 
4-fold relative to lean controls to thereby maintain normal glucose levels (3). Notwithstanding, over time as 
β cells fail and cannot match insulin requirements, T2D develops.

During the initial onset and progression of  T2D, insulin resistance is accompanied by compensatory 
increased β cell insulin release, although as the disease progresses, these compensatory adaptation mecha-
nisms become insufficient to maintain blood glucose homeostasis, eventually leading to progressive func-
tional and morphological β cell deterioration (4). As such, in humans with T2D more than 50% of  β cell 
function has been compromised at the time of  diagnosis (5). Therefore, the overt hyperglycemia in patients 
diagnosed with “frank” T2D is characterized by insulin resistance and insulin deficiency largely resulting 
from the loss of  β cell function and/or mass.

Despite normal to higher bone mineral density (BMD) (6), humans with T2D paradoxically have 
increased fracture risk (7). Poor bone quality has been observed in human diabetic bone biopsies (8). 
Advanced glycation endproducts (AGEs) and inflammatory factors have been hypothesized as potential 

The worldwide prevalence of type 2 diabetes (T2D) is increasing. Despite normal to higher bone 
density, patients with T2D paradoxically have elevated fracture risk resulting, in part, from 
poor bone quality. Advanced glycation endproducts (AGEs) and inflammation as a consequence 
of enhanced receptor for AGE (RAGE) signaling are hypothesized culprits, although the exact 
mechanisms underlying skeletal dysfunction in T2D are unclear. Lack of inducible models that 
permit environmental (in obesity) and temporal (after skeletal maturity) control of T2D onset has 
hampered progress. Here, we show in C57BL/6 mice that a onetime pharmacological intervention 
(streptozotocin, STZ) initiated in adulthood combined with high-fat diet–induced (HFD-induced) 
obesity caused hallmark features of human adult-onset T2D, including prolonged hyperglycemia, 
insulin resistance, and pancreatic β cell dysfunction, but not complete destruction. In addition, 
HFD/STZ (i.e., T2D) resulted in several changes in bone quality that closely mirror those observed in 
humans, including compromised bone microarchitecture, reduced biomechanical strength, impaired 
bone material properties, altered bone turnover, and elevated levels of the AGE CML in bone and 
blood. Furthermore, T2D led to the premature accumulation of senescent osteocytes with a unique 
proinflammatory signature. These findings highlight the RAGE pathway and senescent cells as 
potential targets to treat diabetic skeletal fragility.
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mediators (9), although our knowledge of  the pathophysiological mechanisms underlying skeletal dysfunc-
tion in T2D is incomplete. Lack of  animal models that faithfully recapitulate the key metabolic and skeletal 
phenotypes of  the human condition has hampered progress, underscoring the need to develop new models. 
Among the available species, the mouse has several advantages for this purpose. This will be an important 
step toward identifying and optimizing novel approaches to treat diabetic skeletal fragility. However, a 
major limitation of  most T2D rodent models is that the onset of  disease often occurs before skeletal matu-
rity (10), which is problematic for studying the effects of  adult-onset T2D on the skeleton.

We have previously identified senescent cells in the bone microenvironment with aging (11) and found 
that targeting cellular senescence improved age-related bone loss (12). Furthermore, senescence has been 
shown to increase in adipose tissue, liver, and brain during obesity (13–15) and in pancreatic β cells, contrib-
uting to T2D (16). This led us to hypothesize that cellular senescence may be a mechanistic link between 
poor bone quality and T2D.

In the current study, we investigated the roles of  adult-onset T2D in mediating skeletal fragility and 
explored potential underlying mechanisms responsible for causing these alterations. To pursue these aims, 
we utilized a nongenetic mouse model mimicking human T2D, induced during adulthood in the setting 
of  obesity, that displays overt hyperglycemia, dysfunctional insulin secretion, insulin resistance, and β cell 
deterioration — i.e., the high-fat diet (HFD)/streptozotocin (STZ) mouse of  T2D (17–19). Here, we show 
that mice with adult-onset T2D have impaired bone quality, altered bone turnover, elevated levels of  Nε-
(1-carboxymethyl)-l-lysine (CML) — an activator of  the receptor for AGE (RAGE) pathway (20) — and 
accelerated cellular senescence (21).

Results
Body composition of  the HFD/STZ mouse model of  T2D. At study onset (i.e., before diet initiation), mice in all 4 
groups (Figure 1A) were well matched for body weight. Following diet randomization and the 4-week lead-in 
phase of diet acclimation, both groups receiving HFD (HFD/VEH and HFD/STZ) had significantly higher 
body weights; as anticipated, obesity in these mice persisted throughout the 12-week experimental phase of the 
study (Figure 1B). Body weights did not differ between the LFD/VEH (control) and LFD/STZ mice at any 
time point (Figure 1B), whereas at study endpoint mice receiving HFD/VEH or HFD/STZ had body weights 
that were 30% (P < 0.001) and 18% (P < 0.01) higher, respectively, than control mice (Figure 1C). The increased 
body weights in the HFD-treated animals were predominantly due to gains in adiposity because both after the 
lead-in phase (i.e., at baseline; Figure 1D) and at endpoint (Figure 1E), fat mass in the HFD/VEH and HFD/
STZ groups was, on average, significantly (all P < 0.05) higher than control mice. Lesser changes were observed 
in lean mass in response to HFD, particularly at baseline (Figure 1F), although by endpoint mice on HFD alone 
(HFD/VEH) tended to have more lean mass (Figure 1G). By contrast, STZ in the absence of HFD (i.e., LFD/
STZ) had no overt effects on either fat or lean mass at any time point (Figure 1, D–G).

Metabolic dysfunction in the HFD/STZ mouse model of  T2D. To generate a nongenetic animal model of  
human adult-onset T2D in the setting of  obesity that displays overt hyperglycemia, dysfunctional insulin 
secretion, and β cell deterioration — i.e., the HFD/STZ mouse model of  T2D, as done previously (17–19), 
mice randomized to the HFD/STZ group were acclimated to HFD for 4 weeks and then injected with a 
single, relatively low dose of  STZ, followed by continuous HFD feeding for an additional 12 weeks (Fig-
ure 2A; Supplemental Figure 1A; supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.135236DS1). Importantly, neither HFD feeding alone (HFD/VEH) nor STZ treat-
ment alone (LFD/STZ) was sufficient to cause diabetes or alter circulating glucose levels, which consistent-
ly remained less than 200 mg/dL and were essentially identical to those observed in control (LFD/VEH) 
mice; in contrast, the combination of  HFD/STZ was necessary to cause persistent, overt hyperglycemia 
(Figure 2B; Supplemental Figure 1, B–D), defined in mice as glucose levels higher than 250 mg/dL (10, 
22). Indeed, between weeks 2 and 12 after STZ injection in the setting of  HFD, median circulating glucose 
levels of  HFD/STZ mice ranged between 70% and 88% higher (all P < 0.001) relative to each of  the other 
3 groups (Figure 2C). Consistent with this, HFD/STZ mice had circulating hemoglobin A1c (HbA1c) 
levels that were 44% to 60% higher at midpoint (week 6; all P < 0.001) and 43% to 57% higher at endpoint 
(week 12; all P < 0.001) of  the experimental phase (Figure 2D; Supplemental Figure 1, E–G). Because 
of  pancreatic β cell compensation, mice on HFD alone (HFD/VEH) were able to increase their plasma 
insulin levels, on average, by greater than 2-fold at both midpoint (P < 0.001) and endpoint (P < 0.001) 
as compared with control (LFD/VEH) mice (Figure 2D; Supplemental Figure 1, H–J). By contrast, the 
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relatively low dose of  STZ caused modest reductions in plasma insulin levels in LFD/STZ and HFD/STZ 
mice (Figure 2E; Supplemental Figure 1, H–J). These levels of  insulin were consistent with those reported 
in previous studies (17–19); however, it is important to note that in the absence of  obesity (LFD/STZ), the 
modest hypoinsulinemia was not sufficient to cause hyperglycemia, whereas in contrast this same level of  
reduced insulin caused hyperglycemia in the setting of  insulin resistance induced by HFD in mice receiving 
STZ (Figure 2B; Supplemental Figure 1 B–D; Figure 2E; Supplemental Figure 1, H–J). Finally, these data 
were confirmed by morphometric analysis of  pancreatic β cell islet morphology and composition. In agree-
ment with β cell compensation and the increased plasma insulin levels observed in mice on HFD alone 
(HFD/VEH), examination of  pancreatic islets revealed large insulin-positive β cell cores (Figure 2F), and 
(via analysis of  whole pancreata sections) these animals were found to have a 63% higher β cell area (P < 
0.001) as compared with control (LFD/VEH) mice (Figure 2, F and G). By contrast, mice receiving HFD 
feeding and low-dose STZ injection (HFD/STZ) had a fairly dramatic reduction (by –86%) in pancreatic β 
cell area as compared with control mice (Figure 2, F and G). Thus, because adult HFD/STZ mice manifest 
hyperglycemia, impaired insulin secretion, insulin resistance, and pancreatic β cell deterioration, hallmark 
features of  T2D, we chose this model to examine the consequences of  adult-onset T2D on the skeleton.

Figure 1. Body composition of the HFD/STZ mouse model of T2D. (A) Schematic of the study design depicting male C57BL/6 mice (n = 10/group) random-
ized to either LFD (10% kcal from fat) or HFD (60% kcal from fat) for 1 month (lead-in phase) followed by treatment (at baseline) with either VEH or STZ 
and follow-up for 3 months (experimental phase) out to 7 months of age (endpoint): LFD/VEH, LFD/STZ, HFD/VEH, HFD/STZ (n = 10/group). (B) Compared 
with control mice fed LFD (LFD/VEH group), mice fed an HFD (and subsequently treated with either VEH or STZ) exhibited significant gains in body weight 
over the course of 4 months. (C) Body weight comparisons among the 4 groups at endpoint (age 7 months). (D) Comparisons of fat mass at baseline after 
1 month of diet (lead-in phase). (E) Fat mass comparisons among the 4 groups at endpoint (age 7 months). (F) Comparisons of lean mass at baseline after 
1 month of diet (lead-in phase). (G) Lean mass comparisons among the 4 groups at endpoint (age 7 months). For all analyses, n = 10/group. Data represent 
mean ± SEM (error bars). ns, P ≥ 0.10; †P < 0.10; *P < 0.05; **P < 0.01; ***P < 0.001 (1-way ANOVA with post hoc Tukey’s correction for multiple compari-
sons). HFD, high-fat diet; STZ, streptozotocin; T2D, type 2 diabetes; LFD, low-fat diet; VEH, vehicle. 
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Skeletal phenotype of  the HFD/STZ mouse model of  T2D. To begin to examine the skeletal phenotype of  
the animals, we initially used micro–computed tomography (μCT). This included ex vivo μCT scanning at 
study endpoint (age 7 months) of  the lumbar spine and proximal tibia metaphysis. In addition, because of  
the potential confounding effects of  HFD on skeletal parameters during the lead-in phase of  diet acclima-
tion, we also performed in vivo μCT scanning at baseline (age 4 months) and endpoint (age 7 months) of  
the experimental phase (Figure 3A; Supplemental Figure 2A) at both the proximal metaphysis (trabecular 
site) and diaphysis (cortical site) of  the tibia. First, to test for any potential effects of  STZ alone on the 
skeleton, we compared bone parameters of  LFD/STZ mice with those of  control (LFD/VEH) mice. As 
shown in Supplemental Figure 2, B–N, the low-dose STZ injection by itself, in the setting of  LFD feeding, 
had no significant effects on any bone parameters at either the spine or tibia. We next examined the effects 

Figure 2. Effects of HFD/STZ on metabolic and pancreatic β cell parameters. (A) Schematic of the study design depicting male C57BL/6 mice (n = 10/
group) randomized to either LFD (10% kcal from fat) or HFD (60% kcal from fat) for 1 month (lead-in phase) followed by treatment (at baseline) with 
either VEH or STZ and follow-up for 3 months (experimental phase) out to 7 months of age (endpoint): LFD/VEH, LFD/STZ, HFD/VEH, HFD/STZ (n = 10/
group). (B) Compared with each of the 3 other groups, HFD/STZ mice exhibited significantly higher nonfasted glucose levels (taken weekly from tail blood) 
2 weeks after receiving STZ that were maintained throughout the remainder of the study. (C) Comparisons of median glucose concentrations (weeks 2–12) 
among the 4 groups. (D) Compared with each of the 3 other groups, HFD/STZ mice exhibited significantly higher nonfasted HbA1c levels (taken from tail 
blood) at midpoint and endpoint of the experimental phase. (E) Mice fed HFD alone (HFD/VEH) can significantly increase their circulating insulin concen-
trations, whereas HFD/STZ mice cannot activate this compensatory mechanism in order to maintain their blood glucose levels in the physiological range 
due to functional β cell deterioration. (F) Immunohistochemical analyses of pancreatic β cells with the overlay of insulin (shown in green) and DAPI-posi-
tive nuclei (shown in blue) demonstrate that mice fed HFD alone (HFD/VEH) exhibit significantly greater β cell masses and insulin-positive areas, whereas 
HFD/STZ mice exhibit loss of β cell function and mass, consistent with a model of T2D. (G) Quantification of comparisons of β cell area among the 4 
groups. For all analyses, n = 10/group. Data represent mean ± SEM (error bars). ns, P ≥ 0.10; *P < 0.05; ***P < 0.001 (1-way ANOVA with post hoc Tukey’s 
correction for multiple comparisons); ‡P < 0.001 versus each of the 3 other groups (1-way ANOVA with post hoc Tukey’s correction for multiple compari-
sons). HFD, high-fat diet; STZ, streptozotocin; T2D, type 2 diabetes; LFD, low-fat diet; VEH, vehicle.
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of  obesity alone (HFD/VEH) versus T2D (HFD/STZ) on μCT-derived bone parameters as compared with 
control (LFD/VEH) mice. At study endpoint, cross-sectional ex vivo μCT analysis did not detect significant 
(P > 0.05) effects of  either obesity alone or T2D on trabecular bone volume fraction (BV/TV) at the lumbar 
spine (Figure 3B) or tibia metaphysis (Figure 3C). Longitudinal in vivo μCT analysis at the tibia metaph-
ysis revealed that, on average, each of  the groups of  mice lost trabecular bone; however, whereas obesity 
alone had a modest, albeit nonsignificant (P > 0.05), detrimental effect on trabecular BV/TV, T2D caused 
significantly (P < 0.05) more trabecular bone loss over time as compared with that observed in control mice 
(Figure 3D). Furthermore, as compared with changes observed in control mice, T2D had detrimental effects 
over time on cortical bone parameters at the tibia metaphysis, including a trend for reduced cortical volu-
metric BMD (vBMD) (Figure 3E; P = 0.09) and significant cortical thinning (Figure 3F; P < 0.05) due to 
reduced outer bone size because although endocortical circumference did not change (Figure 3G; P > 0.05), 
periosteal circumference was significantly reduced (Figure 3H; P < 0.05), ultimately leading to significantly 
(P < 0.05) diminished bone strength (i.e., failure load) as assessed by micro–finite element analysis (μFEA) 
(Figure 3I). In addition, similar changes were observed in the T2D as compared with control mice at the 
tibia diaphysis, including significantly reduced cortical vBMD (Figure 3J; P < 0.05), although the signifi-
cantly thinner cortex (Figure 3K; P < 0.05) at this site was due to greater loss of  bone on the inner surface 
because significant endocortical expansion was observed (Figure 3L; P < 0.05) with no change in periosteal 
circumference (Figure 3M; P > 0.05). Consistent with reductions in bone strength at the metaphysis, failure 
load at the tibia diaphysis was significantly reduced in T2D as compared with control mice (Figure 3N). In 
contrast, relative to control mice obesity alone (HFD/VEH) had nonsignificant (all P > 0.05) effects over 
time on cortical bone parameters and failure load at both the tibia metaphysis and diaphysis (Figure 3, E–N).

Bone quality properties of  the HFD/STZ mouse model of  T2D. To more rigorously examine the skeletal 
phenotype of  the mice, we next examined several aspects of  bone quality, including directly measured bone 
strength (i.e., compression loading at the spine and 3-point bending at the femur) as well as assessments of  
bone material properties (i.e., nanoindentation at the spine and reference point microindentation [RPI] at 
the femur). Because these tests can be performed ex vivo only, they were all done at study endpoint (Fig-
ure 4A; Supplemental Figure 3A). Consistent with findings observed by μCT, the low-dose STZ injection 
by itself, in LFD/STZ mice, had no significant (all P > 0.05) effects on bone quality parameters at either 
the spine or tibia as compared with control mice (Supplemental Figure 3, B–K). Similarly, bone quality 
parameters did not differ significantly (all P > 0.05) between obese alone (HFD/VEH) and control mice 
(Figure 4, B–K). By contrast, as compared with the latter group, despite the relatively short duration of  the 
experimental phase (12 weeks), T2D in HFD/STZ mice altered multiple aspects, but not all parameters, 
reflecting bone quality. For example, whereas stiffness (Figure 4B; P > 0.05) and ultimate load (Figure 4C; 
P > 0.05) did not differ between groups, spine ultimate stress was significantly lower (by –24%; P < 0.05) in 
T2D relative to control mice (Figure 4D). Furthermore, femur stiffness was significantly lower (by –14%; P 
< 0.05) in T2D as compared with control mice (Figure 4E), although ultimate load (Figure 4F; P > 0.05) 
and failure energy (Figure 4G; P > 0.05) did not differ between T2D and control mice. With regard to mate-
rial properties, nanoindentation testing of  trabecular bone at the spine did not detect significant differences 
between T2D and control mice in either modulus (Figure 4H; P > 0.05) or hardness (Figure 4I; P > 0.05). 
However, as compared with control mice, RPI testing at the femur revealed that mice with T2D had, on 
average, significantly higher (by 13%; P < 0.05) total indentation distance increase (TID) values (Figure 4J) 
and significantly lower (by –19%; P < 0.05) average loading slope values (Figure 4K) — i.e., indications that 
the bone material of  T2D mice at the tissue level exhibited lower fracture toughness and impaired ability to 
resist microcrack propagation, respectively.

Given that bone microarchitecture and bone quality properties were not significantly affected by either 
STZ alone (LFD/STZ) or obesity alone (HFD/VEH), we focused the subsequent, more in-depth analyses 
on the T2D (HFD/STZ) and control (LFD/VEH) groups (Figure 5A).

Bone histomorphometry and bone turnover markers in the HFD/STZ mouse model of  T2D. Endocortical bone 
histomorphometry demonstrated significantly higher bone resorption (i.e., osteoclast numbers per bone 
perimeter, N.Oc/B.Pm, by 58%; P < 0.05) in T2D as compared with control mice (Figure 5B), without a 
coupled change in osteoblasts (i.e., N.Ob/B.Pm; Figure 5C; P > 0.05). However, bone formation indices were 
significantly reduced in T2D relative to control mice, including mineral apposition rate (MAR; Figure 5D, by 
–34%; P < 0.05) and bone formation rate per bone surface (BFR/BS; Figure 5E, by –52%; P < 0.05). Con-
sistent with these changes at the cellular level, circulating levels of  the bone resorption marker, cross-linked 
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C-telopeptide of  type I collagen (CTx), were significantly higher (by 38%; P < 0.05) in T2D as compared with 
control mice (Figure 5F), whereas no difference was observed between groups in circulating levels of  the bone 
formation marker, amino-terminal propeptide of  type I collagen (P1NP) (Figure 5G; P > 0.05).

Expression of  osteoblast lineage markers and factors that control bone remodeling in the HFD/STZ mouse 
model of  T2D. We next used real-time quantitative polymerase chain reaction (rt-qPCR) to investigate 
the effects of  T2D on the expression of  osteoblast and osteocyte lineage markers as well as factors 
that control bone remodeling (i.e., Tnfrsf11b, OPG; and Tnfsf11, RANKL) in bone samples that were 
depleted of  marrow elements (as described in Methods). Relative to controls, mice with T2D had 
significantly lower mRNA expression levels of  the osteoblast lineage markers, Runx2 and Sp7 (osterix) 
(Figure 5H), whereas no significant differences were observed between the groups in expression of  
osteocyte lineage markers (Figure 5I). Furthermore, the mRNA expression of  osteoprotegerin (Opg), 

Figure 3. Short-term T2D, but not HFD alone, causes deterioration of bone microarchitecture. (A) Schematic of the study design depicting male C57BL/6 
mice randomized to either LFD (10% kcal from fat) or HFD (60% kcal from fat) for 1 month (lead-in phase) followed by treatment (at baseline) with either 
VEH or STZ and follow-up for 3 months (experimental phase) out to 7 months of age (endpoint): LFD/VEH, HFD/VEH, HFD/STZ (n = 10/group). (B–C) 
Quantification of μCT-derived BV/TV (%) assessed ex vivo at the lumbar spine and tibia metaphysis at study endpoint. (D) Percentage change (% Δ) in 
trabecular BV/TV at the tibia metaphysis assessed by longitudinal in vivo μCT analysis (at baseline and endpoint). Longitudinal percentage changes in (E) 
cortical volumetric bone mineral density (Ct.vBMD, mg/cm3), (F) cortical thickness (Ct.Th, mm), (G) endocortical circumference (EC, mm), (H) periosteal cir-
cumference (PC, mm), and (I) μFEA-derived failure load (N, Newton, an index of bone strength) at the tibia metaphysis. Longitudinal percentage changes 
in (J) Ct.vBMD (mg/cm3), (K) Ct.Th (mm), (L) EC (mm), (M) PC (mm), and (N) μFEA-derived failure load (N) at the tibia diaphysis. For all analyses, n = 10/
group. Data represent mean ± SEM (error bars). ns, P ≥ 0.10; †P < 0.10; *P < 0.05; **P < 0.01; ***P < 0.001 (1-way ANOVA with post hoc Tukey’s correction 
for multiple comparisons). HFD, high-fat diet; STZ, streptozotocin; T2D, type 2 diabetes; LFD, low-fat diet; VEH, vehicle.
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an antagonist of  receptor activator of  NF-κB ligand (RANKL), did not differ between the groups 
(Figure 5J); however, consistent with the increased bone resorption levels (detected both at the cellular 
level and in circulation), the mRNA expression of  Rankl, which is required for osteoclast formation 
and survival, was significantly higher in bone samples of  T2D relative to control mice (Figure 5K).

Bone and circulating AGEs in the HFD/STZ mouse model of  T2D. AGEs are a category of  posttranslation-
al modification reactions (typically between sugars and proteins) that are associated with the degradation 
or alteration of  tissue properties in the settings of, for example, aging and diabetes (23, 24). To determine 
whether AGEs accumulate to a greater extent in biological samples, including bone tissue and serum, of  T2D 
versus control mice (Figure 6A), we developed liquid chromatography–tandem mass spectrometry (LC-MS/
MS) assays to accurately quantify 2 commonly measured AGEs — CML and pentosidine (as described in 
Methods). This approach revealed that levels of  CML, a noncrosslink/nonfluorescent AGE (25), were sig-
nificantly higher (by 31%; P < 0.01) in bone tissue samples of  T2D as compared with control mice (Figure 
6B). Consistent with this finding, serum levels of  CML were also significantly higher (by 45%; P < 0.05) in 

Figure 4. Short-term T2D has modest deleterious effects on bone biomechanical strength and material properties. (A) Schematic of the study design 
depicting male C57BL/6 mice randomized to either LFD (10% kcal from fat) or HFD (60% kcal from fat) for 1 month (lead-in phase) followed by treatment (at 
baseline) with either VEH or STZ and follow-up for 3 months (experimental phase) out to 7 months of age (endpoint): LFD/VEH, HFD/VEH, HFD/STZ (n = 10/
group). Comparisons among the groups at study endpoint (7 months of age) of bone biomechanical properties (assessed by compression testing) at the lum-
bar vertebrae, including (B) stiffness (N/mm), (C) ultimate load (N), and (D) ultimate stress (MPa). Endpoint comparisons of bone biomechanical properties 
(assessed by 3-point bending) at the femur midshaft, including (E) stiffness (N/mm), (F) ultimate load (N), and (G) failure energy (N). Endpoint comparisons 
of bone material properties (assessed by nanoindentation) at the lumbar vertebrae, including (H) modulus (GPa) and (I) hardness (GPa). Endpoint comparisons 
of indices of bone material properties (assessed by reference point microindentation [RPI]) at the femur diaphysis, including (J) total indentation distance 
(TID) and (K) average loading slope (avLS). For all analyses, n = 10/group. Data represent mean ± SEM (error bars). ns, P ≥ 0.10; *P < 0.05 (1-way ANOVA with 
post hoc Tukey’s correction for multiple comparisons). HFD, high-fat diet; STZ, streptozotocin; T2D, type 2 diabetes; LFD, low-fat diet; VEH, vehicle.
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T2D relative to control mice (Figure 6C). By contrast, bone tissue levels of  pentosidine, a fluorescent AGE 
crosslink formed between lysine and arginine (26), did not differ between the groups (Figure 6D; P > 0.05). It 
should be noted, however, that, perhaps surprisingly, levels of  pentosidine in bone tissue were quite low and 
essentially undetectable (even by LC-MS/MS) in most serum samples (data not shown). As anticipated, levels 
of  CML were found to be even higher in bone tissue (Supplemental Figure 4A) and serum (Supplemental 
Figure 4B) samples from old (24-month) wild-type (WT) mice as compared with T2D or young adult mice. 
Consistent with this finding, bone tissue levels of  pentosidine also increased with aging (Supplemental Figure 
4C), which provides further validation of  our LC-MS/MS method.

Identification of  senescent osteocytes and the senescence-associated secretory phenotype in the HFD/STZ 
mouse model of  T2D. Cellular senescence is a stress response cell fate that entails proliferative arrest, 
profound chromatin changes, and typically acquisition of  a proinflammatory secretome, termed the 
senescence-associated secretory phenotype (SASP) (21). In recent studies, our group has systematically 
identified an accumulation of  senescent cells in the bone microenvironment with aging (11) and demon-
strated a causal role for senescent cells in mediating age-related bone loss (12). In the current study, we 
compared cellular senescence biomarkers and the SASP between T2D and control mice. With T2D, we 

Figure 5. Effects of T2D on skeletal histomorphometry parameters, bone turnover markers, and bone gene expression markers. (A) Schematic of the 
study design depicting male C57BL/6 mice randomized to either LFD (10% kcal from fat) or HFD (60% kcal from fat) for 1 month (lead-in phase) followed by 
treatment (at baseline) with either VEH or STZ and follow-up for 3 months (experimental phase) out to 7 months of age (endpoint): LFD/VEH, HFD/STZ (n 
= 10/group). Histomorphometric quantification at the tibia endocortical (Ec.) surface of (B) osteoclast numbers per bone perimeter (N.Oc/B.Pm; /mm), (C) 
osteoblast numbers per bone perimeter (N.Ob/B.Pm; /mm), (D) mineral apposition rate (MAR; mcm/d), and (E) bone formation rate per bone surface (BFR/
BS; mcm3/mcm2/d). Quantification of circulating serum bone turnover makers, including (F) the bone resorption marker, cross-linked C-telopeptide of type 
I collagen (CTx; ng/mL), and (G) the bone formation marker, amino-terminal propeptide of type I collagen (P1NP; ng/mL). rt-qPCR mRNA gene expression 
analyses of (H) osteoblast marker genes, (I) osteocyte genes, (J) osteoprotegerin (Tnfrsf11b, Opg), and (K) tumor necrosis factor ligand superfamily member 
11 (Tnfsf11, Rankl) in bone samples. Data represent mean ± SEM (error bars). ns, P ≥ 0.10; *P < 0.05; **P < 0.01 (independent samples t test or Wilcoxon’s 
rank-sum test, as appropriate). HFD, high-fat diet; STZ, streptozotocin; T2D, type 2 diabetes; LFD, low-fat diet; VEH, vehicle; Ec, endocortical.
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found in osteocyte-enriched bone samples by rt-qPCR that mRNA expression of  the key mediator of  cel-
lular senescence, p16Ink4a (encoded by the Ink4a/Arf  locus, also known as Cdkn2a) (21), was significantly 
elevated (by 64%; P < 0.001) as compared with control mice (Figure 7A). Expression of  Cdkn1a (p21Cip1), 
which can drive senescence in a context-specific manner (21), was also significantly elevated (by 47%; 
P < 0.01) in bone samples of  T2D relative to control mice (Figure 7B). To further validate the greater 
accumulation of  senescent cells in bone of  T2D versus control mice, we used an established assay for 
cellular senescence, i.e., the senescence-associated distension of  satellites (SADS) assay (27). As shown 
in Figure 7, C and D, the percentage of  senescent osteocytes, defined as at least 4 SADS (characterized 
by large unraveling of  pericentromeric DNA) per osteocyte, was significantly higher (nearly 2-fold; P < 
0.01) in bone cortices of  T2D as compared with control mice. We next measured telomere-associated 
foci (TAF) (Figure 7E) — i.e., sites of  DNA damage (γ-H2AX) colocalized with telomeres (28) — in 
osteocytes because TAF are a robust marker of  cellular senescence. Significantly more TAF per osteo-
cyte were found in cortical bone of  T2D as compared with control mice (Figure 7F). Consistent with 
this, the percentage of  TAF+ osteocytes (defined as ≥1, ≥2, or ≥3 TAF per nuclei) was also significantly 
higher in bone cortices of  T2D versus control mice (Figure 7G). Finally, we used rt-qPCR to measure 
the mRNA expression of  a panel of  36 established SASP genes (29) in the osteocyte-enriched bone 
samples of  T2D versus control mice (Figure 8, A and B). Interestingly, this analysis revealed a unique 
proinflammatory SASP composed predominantly of  significantly (all P < 0.05) upregulated levels of  
matrix metalloproteinases (MMPs; i.e., Mmp3, Mmp9, Mmp12, and Mmp13). In addition, the expres-
sion of  Nfkb1 (NF-κB), a downstream target of  the RAGE signaling pathway activated by CML (20), 
was also significantly (P < 0.05) elevated in the osteocyte-enriched bone samples of  T2D as compared 
with control mice. Interestingly, in our previous study (11), we observed that significantly (all P < 0.05) 
upregulated levels of  several SASP factors (23 of  36 analyzed) in osteocyte-enriched bone samples 
from old (24-month) relative to young adult (6-month) mice were not changed with T2D (Figure 8B), 
although elevated MMPs and NF-κB are features of  the SASP signature of  senescent osteocytes shared 
by both aging and T2D (Supplemental Figures 5 and 6).

Figure 6. Effects of T2D on AGEs. (A) Schematic of the study design depicting male C57BL/6 mice randomized to 
either LFD (10% kcal from fat) or HFD (60% kcal from fat) for 1 month (lead-in phase) followed by treatment (at 
baseline) with either VEH or STZ and follow-up for 3 months (experimental phase) out to 7 months of age (end-
point): LFD/VEH, HFD/STZ (n = 10/group). CML levels in (B) bone tissue (mmol/mol collagen) and (C) serum (ng/
μL) samples. (D) Pentosidine levels in bone tissue samples (mmol/mol collagen); note that pentosidine levels were 
detected at low to nondetectable levels in serum (data not shown). Data represent mean ± SEM (error bars). ns, 
P ≥ 0.10; *P < 0.05; **P < 0.01 (independent samples t test). HFD, high-fat diet; STZ, streptozotocin; T2D, type 2 
diabetes; LFD, low-fat diet; VEH, vehicle.
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Discussion
The worldwide prevalence of  T2D is increasing dramatically (30). When left uncontrolled, T2D can cause 
multiorgan dysfunction, including renal failure, blindness, amputations, and cardiovascular disease (31). 
Furthermore, over the past decade or so, it has become increasingly clear that T2D also causes skeletal 
complications (8, 9). Indeed, fracture risk is higher in patients with T2D who paradoxically often present 
clinically with normal or higher BMD (6, 7); notwithstanding, bone turnover in these individuals is altered 
and their bone quality is impaired, perhaps due to the accumulation of  AGEs and inflammatory factors 
in bone that impair its quality (9). Despite this knowledge, the pathophysiological mechanisms underlying 
skeletal dysfunction in T2D are not well understood. Indeed, how accelerated skeletal fragility is caused 
in T2D has been an important, open question in the fields of  bone biology and diabetes (32). To begin 

Figure 7. T2D is associated with accelerated osteocyte senescence in bone. In vivo rt-qPCR mRNA gene expression analyses of (A) p16Ink4a (Cdkn2a) and 
(B) p21Cip1 (Cdkn1a) in osteocyte-enriched bone samples. (C) Representative images of a nonsenescent osteocyte in an LFD/VEH mouse (original mag-
nification, ×100) versus a senescent osteocyte in an HFD/STZ mouse according to the senescence-associated distension of satellites (SADS, see white 
arrows) assay in cortical bone diaphysis sections (scale bars: 2 μm); 30 osteocytes were analyzed per mouse (n = 10/group). C-FISH, centromere-FISH. 
(D) Quantification of the percentage of senescent osteocytes in mice according to the SADS assay. (E) Representative images of bone and within a 
nonsenescent osteocyte in an LFD/VEH mouse (original magnification, ×63, oil) versus a senescent osteocyte in an HFD/STZ mouse according to the 
telomere-associated foci (TAF, see white arrows) assay in cortical bone diaphysis sections; 50 osteocytes were analyzed per mouse (n = 10/group). 
Quantification of (F) the mean number of TAF per osteocyte and (G) the mean percentage of TAF-positive osteocytes per mouse based on the following 
criteria: percentage of OCYs with ≥1 TAF, percentage of OCYs with ≥2 TAF, and percentage of OCYs with ≥3 TAF, respectively. Data represent mean ± SEM 
(error bars). *P < 0.05; **P < 0.01; ***P < 0.001 (independent samples t test or Wilcoxon’s rank-sum test, as appropriate). HFD, high-fat diet; STZ, strep-
tozotocin; T2D, type 2 diabetes; LFD, low-fat diet; VEH, vehicle; OCY’s, osteocytes.
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to answer this question, a major goal is to develop appropriate animal models of  T2D that mimic (at 
least most of) the key metabolic and skeletal pathophysiological characteristics of  human adult-onset T2D, 
based on the idea that the closer these models can come to sharing the key features of  T2D in humans, the 
more significant and impactful they would be for basic and translational research. Multiple rodent models 
have been proposed for this purpose, and while no single model can be perfect, a recent thorough review of  
commonly used rodent models concluded that most have significant limitations (10). Thus, developing an 
optimal model of  adult-onset T2D-induced skeletal fragility would be an important step toward identifying 
novel approaches to treat diabetic bone disease.

In the current study, we utilized a nongenetic mouse model mimicking human adult-onset T2D in the 
setting of  obesity that displays overt hyperglycemia, dysfunctional insulin secretion, insulin resistance, 
and β cell deterioration — i.e., the HFD/STZ mouse model of  T2D (17–19). A significant advantage of  
this model for studying the effects of  T2D on bone is that the onset of  diabetes occurs during adulthood, 
in an inducible manner, as opposed to most previously studied rodent models, in which T2D onset occurs 
before skeletal maturation (10). Importantly, in the setting of  HFD feeding, this inducible feature allows 
us to attain both environmental (in obesity) as well as temporal (in the adult mouse) control of  T2D onset, 
which closely mimics the most common onset of  T2D in humans. It is perhaps surprising that, despite 
representing one of  the models of  choice by many in the diabetes field (33), to our knowledge, the skel-
etal phenotype of  HFD/STZ mice has not been rigorously characterized. Here, we show in C57BL/6 
male mice that a onetime pharmacological intervention (STZ) initiated in young adulthood combined 
with HFD-induced obesity causes hallmark features of  T2D, consistent with previous studies (17–19), 
including prolonged hyperglycemia, insulin resistance, and pancreatic β cell dysfunction, but not com-
plete destruction. In contrast, neither intervention alone (STZ or HFD) was sufficient to cause diabetes 
or hyperglycemia. In addition, HFD/STZ (i.e., T2D) caused several changes in bone quality that closely 
mirrored those observed in humans with T2D. These alterations included impaired trabecular/cortical 
bone microarchitecture, deficits in directly measured biomechanical properties of  bone strength at axial 
and appendicular skeletal sites, impaired indices of  bone material properties, altered bone turnover, and 
elevated levels of  the AGE CML in both bone and blood. Furthermore, T2D initiated during young adult-
hood caused the premature accumulation of  senescent osteocytes in bone with a unique proinflammatory 
SASP signature. Thus, our data are consistent with previous reports implicating T2D in the pathogenesis 
of  skeletal fragility (as reviewed in ref. 9), potentially via upregulation of  AGEs and activation of  the 

Figure 8. T2D is associated with the development of a unique SASP in bone. (A) Schematic of the study design depicting male C57BL/6 mice randomized 
to either LFD (10% kcal from fat) or HFD (60% kcal from fat) for 1 month (lead-in phase) followed by treatment (at baseline) with either VEH or STZ and 
follow-up for 3 months (experimental phase) out to 7 months of age (endpoint): LFD/VEH, HFD/STZ (n = 10/group). (B) In vivo T2D-associated fold chang-
es in rt-qPCR mRNA gene expression of 36 established SASP factors in bone samples of mice. Data represent mean ± SEM (error bars). *P < 0.05; **P < 
0.01; ***P < 0.001 (independent samples t test or Wilcoxon’s rank-sum test, as appropriate). HFD, high-fat diet; STZ, streptozotocin; T2D, type 2 diabetes; 
LFD, low-fat diet; VEH, vehicle; OCY’s, osteocytes; SASP, senescence-associated secretory phenotype.
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RAGE signaling pathway. Further, we identify, for the first time to our knowledge, accelerated cellular 
senescence as a potential mediator that, in addition to the RAGE pathway, warrants further study.

We chose to use the HFD/STZ mouse model of  T2D (17–19) for this study based on the following 
rationale: (a) the mouse is amenable to in-depth tissue, cellular, and molecular analyses; (b) mice are easier 
to obtain and more cost-effective to maintain than rats; (c) the ability to induce adult-onset T2D in the set-
ting of  obesity, which mimics the majority of  human cases, is an advantage over spontaneous or pre–skel-
etally mature models; (d) the relatively fast induction period permits shorter duration studies as compared 
with studies in larger, nonrodent species; and (e) this model has been used extensively in the diabetes field, 
over multiple decades, and although it can be debated which model is the ideal, the HFD/STZ model has 
withstood the test of  time as it is still widely used and considered by many to be the model of  choice for 
studying the pathophysiology of  T2D and evaluating therapeutic compounds for treatment of  T2D. We 
do, however, recognize that no rodent model will ever recapitulate every feature of  human diabetic skeletal 
fragility because there are unavoidable differences between humans and rodents. For example, under phys-
iological conditions rodents lack Haversian remodeling and therefore do not develop intracortical porosity, 
which has been reported to be higher in humans with T2D relative to nondiabetic controls (34, 35). How-
ever, it should be emphasized that cortical vBMD (as assessed by in vivo longitudinal μCT scanning at the 
tibia diaphysis in our study) was significantly reduced in HFD/STZ (i.e., T2D) mice as compared with 
control mice (P < 0.001). Thus, cortical vBMD, which has also been reported to be lower in humans with 
T2D (35), may be a useful surrogate for cortical bone quality in mice. Therefore, when all these issues are 
considered, we believe the HFD/STZ mouse model offers significant advantages for studying T2D-associ-
ated skeletal fragility.

The underlying pathophysiological mechanisms driving metabolic dysfunction and skeletal fragility in 
T2D are complex and still need to be better understood, although activation of  the RAGE signaling pathway 
(20) and the accumulation of  AGEs in multiple tissues, including bone, have been hypothesized as central 
mediators (9). Indeed, particularly with prolonged periods of  uncontrolled hyperglycemia and during later, 
more advanced stages of  T2D, glucose toxicity contributes to higher levels of  AGEs that activate RAGE 
signaling in various cell types, including those of  the osteoblast and myeloid lineages (36, 37), contributing 
to a proinflammatory bone microenvironment that fuels osteoclastogenesis and increased bone resorption 
(38). This may, at least in part, explain the increased levels of  NF-κB (a downstream effector in the RAGE 
pathway) (20) and RANKL (a protein central to bone resorption because it binds RANK on the surfaces of  
osteoclast precursors to trigger osteoclastogenesis) (39), which were both detected in bone samples of  HFD/
STZ mice. These data also fit with the higher levels of  osteoclasts revealed by histomorphometry on the 
endocortical bone surfaces of  HFD/STZ mice as well as the higher circulating levels of  the bone resorption 
marker, CTx, detected in these animals. By contrast, we observed no changes in osteoblasts or P1NP in bone 
or blood, respectively, although decreases in these parameters, as suggested by some studies in humans with 
T2D (40, 41), may require a longer duration of  disease or greater severity. Nevertheless, despite the relatively 
short experimental phase of  our study (12 weeks), HFD/STZ mice did, in fact, display significant (albeit 
in some cases modest; P > 0.05) reductions in directly measured bone biomechanical properties, indices 
of  bone material properties, and direct measures of  bone strength. It should be noted, however, that bone 
material properties in HFD/STZ mice were affected more at appendicular (i.e., femur) relative to axial (i.e., 
spine) skeletal sites. This might reflect the greater propensity for T2D to affect skeletal sites predominantly 
composed of  cortical versus trabecular bone, as also tends to be the case in humans (34). In addition, HFD/
STZ mice displayed significantly reduced (P < 0.05) bone formation levels as assessed by dynamic histo-
morphometry. We would, however, expect that with a longer study duration (at later stages of  T2D) when 
insulin, which is bone anabolic (42), becomes more deficient, bone formation may be reduced even further. 
In addition, AGEs are also thought to suppress bone formation by directly impairing osteoblast functions 
(36), which again is consistent with our histomorphometry data demonstrating lower mineral apposition 
and bone formation rates on endocortical bone surfaces of  HFD/STZ mice. Whether these as well as other 
changes (e.g., deficits in bone quality) in response to T2D would become even more dramatic with longer 
disease duration in HFD/STZ mice needs to be tested in future studies.

An advantage of  our study was in leveraging LC-MS/MS to accurately assess AGEs, including pen-
tosidine and CML, in bone tissue and blood samples. Pentosidine is one of  the most commonly reported 
AGEs (typically assessed by commercial immunoassays) in clinical studies that have examined correlations 
between AGEs and bone parameters in patients with T2D and nondiabetic subjects (43, 44). However, we 
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did not observe similar findings in our mouse model of  T2D. This may be related to several limitations 
of  the earlier reported commercial immunoassays, including lack of  specificity by detecting nonspecific 
isoforms or fragments of  pentosidine. Furthermore, although these studies have reported higher levels of  
pentosidine in biological samples, including blood and urine, from subjects with T2D as compared with 
nondiabetic controls, these findings have not been verified by mass spectrometry or in bone tissue samples. 
Furthermore, recent work using mass spectrometry has demonstrated that pentosidine accounts for only 
a small fraction of  possible fluorescent AGEs (45). Consistent with this, our LC-MS/MS assay detected 
relatively low levels of  pentosidine in both blood and bone samples of  control and T2D mice. In contrast, 
levels of  CML, a dominant component of  total nonfluorescent AGEs (25), were found by our LC-MS/MS 
assay to be significantly higher in both blood and bone tissue samples of  T2D relative to control mice and 
were even further elevated in these tissues obtained from old mice. Interestingly, when CML accumulates 
on proteins such as collagen in bone, it adversely affects the overall biophysical properties and functions of  
the tissue (46, 47). Consistent with our data in mice with T2D, our recent study in a cohort of  nondiabetic 
control (n = 49) versus T2D (n = 95; HbA1c level ≥ 6.5%, diagnosis for at least 5 years) subjects, including 
women and men at least 50 years old, demonstrated using LC-MS/MS that blood levels of  CML, but not 
pentosidine, were significantly elevated in humans with T2D and that CML was associated with glycemic 
control, as assessed by HbA1c (48). Therefore, in both mice and humans CML may represent a viable 
surrogate measure of  the overall AGE burden in various disease states, including T2D, although additional 
supporting evidence is needed to confirm this premise.

T2D in the setting of  obesity is a complex disorder and an associated major risk factor for a range of  
comorbidities and health problems (31), although the mechanistic basis linking these conditions in humans 
with T2D is incompletely understood. Interestingly, however, cellular senescence has been hypothesized not 
only as a key driver of  aging in several tissues (21), including in old bone (as reviewed in refs. 49, 50) but also 
as a driver of  conditions of  “accelerated” aging, such as T2D (51). In addition to acquiring an oftentimes 
complex SASP, senescent cells can display a variety of  biomarkers, including profound changes in heteroch-
romatin (i.e., SADS) (27), DNA damage colocalized with telomeres (i.e., TAF) (28), and increased expression 
of  the cyclin-dependent kinase inhibitors p16Ink4a and p21Cip1 (21). Accelerated accumulation of  senescent cells 
has been identified in mice during obesity in adipose tissue, liver, and brain (13–15) and with T2D in the 
pancreas (e.g., senescent β cells) (16). In the latter study, HFD-induced obesity and insulin resistance in mice 
caused accelerated β cell senescence with a specific SASP, whereas senolysis (i.e., clearance of  senescent cells) 
using either genetic or pharmacological approaches improved glucose homeostasis, β cell function, and the 
gene expression profile of  β cells (16). However, whether there is a direct causal relationship between cellular 
senescence and skeletal fragility in T2D has not been established. Here, we showed in mice with T2D that at 
least a subset of  osteocytes in bone display features of  cellular senescence, including upregulated expression 
of  p16Ink4a and p21Cip1 and increased SADS (27) and TAF (28), and acquire a unique SASP profile characterized 
by increased levels of  NfKB as well as a group of  matrix-degrading metalloproteinases (i.e., Mmp3, Mmp9, 
Mmp12, and Mmp13) that together, in combination with enhanced RAGE signaling, as discussed above, may 
contribute to impaired bone quality in T2D. This hypothesis needs to be tested in future studies.

The relationship between fat and bone is complex, and defining the contribution of  obesity to skeletal 
health in nondiabetic individuals is challenging because of  the interplay among factors that favor versus 
those that are detrimental to bone (52). Although the skeletal phenotype of  HFD-induced obesity in mice 
has been studied extensively (as reviewed in ref. 10), with mixed agreement on the trabecular and cortical 
phenotypes of  these animals, data from our study suggest that HFD-induced obesity alone has lesser effects 
on bone microarchitecture and quality as compared with T2D. Thus, the bone abnormalities in HFD/STZ 
mice may be driven by persistent hyperglycemia, and the resultant downstream effects on RAGE signaling 
and cellular senescence, rather than effects of  HFD alone, such as hyperlipidemia and insulin resistance, 
although larger sample sizes will be required to confirm this premise. Indeed, our study was not sufficiently 
powered to rigorously dissect the effects of  obesity versus T2D on bone or on additional outcomes, such as 
cellular senescence and SASP. As such, we focused the more in-depth analyses on the control (LFD/VEH) 
and T2D (HFD/STZ) groups. Another potential limitation of  our study was the relatively short duration 
of  T2D (i.e., 12 weeks), which may at least in part explain why some the effects of  T2D we observed on, 
for example, aspects of  bone quality were less dramatic as compared with those observed by μCT. Never-
theless, the latter data provide clear evidence that there are detrimental effects of  T2D on bone microar-
chitecture and geometry, particularly at cortical skeletal sites. Whether effects on aspects of  bone quality 
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in T2D mice would have been more dramatic following longer duration of  T2D, which often is the case in 
humans, warrants further study.

In summary, the combination of  HFD/STZ initiated during adulthood in mice caused several key fea-
tures of  adult-onset T2D as well as changes in bone quality that closely mirrored those previously reported 
in the human diabetic skeleton. Importantly, this is likely the first rigorous skeletal characterization of  
an obese mouse model that develops adult-onset T2D, in an inducible manner, after skeletal maturity. 
The skeletal alterations found in HFD/STZ mice with T2D included impaired trabecular/cortical bone 
microarchitecture, deficits in directly measured biomechanical properties of  bone strength at axial and 
appendicular skeletal sites, impaired indices of  bone material properties, altered bone turnover, and ele-
vated levels of  the AGE CML in both bone and blood. In addition, T2D caused the premature accumula-
tion of  senescent osteocytes in bone with a unique proinflammatory SASP signature. These findings thus 
establish the RAGE pathway and senescent cells as hallmarks of  bone fragility in T2D and highlight HFD/
STZ mice as a useful model both in future mechanistic studies examining the underlying causes of  diabetic 
bone dysfunction and for evaluating novel therapeutic approaches to treat T2D-associated skeletal fragility.

Methods
General experimental approaches. Animals were randomized to diets and treatment groups as indicated below. 
Experiments, assessments, and analyses were performed in a blinded fashion. No mice, samples, or data 
points were excluded from the reported analyses.

Animals. As specified here and in the figure legends, male C57BL/6 mice (n = 10/group) were studied 
because in this background, males are much more susceptible to T2D induced by HFD/STZ; indeed, previ-
ous work has established that male C57BL/6 mice develop obesity sooner in response to HFD (53–55), and 
when combined with a single, relatively low dose of  STZ (see below), their insulin resistance and glucose 
intolerance are more pronounced as compared with females (17–19). Thus, as justified scientifically, we 
used young-adult (starting at 3 months, ending at 7 months of  age) C57BL/6 male WT mice for this study 
(n = 10/group). To compare T2D mice with natural, chronological aging, “old” (24-month) male C57BL/6 
WT mice were obtained from the National Institute on Aging breeding colony. All mice were housed in 
ventilated cages and maintained within a pathogen-free, accredited facility under a 12-hour light/12-hour 
dark cycle with constant temperature (23°C) and access to food (diet details are specified below) and water 
ad libitum. Animal studies were performed under protocols approved by the Institutional Animal Care 
and Use Committee (IACUC), and experiments were performed in accordance with Mayo Clinic IACUC 
guidelines. All assessments were performed in a blinded fashion.

Study design, diets, treatments, and generation of  the T2D mouse model. A schematic of  the study design 
depicting the 2 phases of  the study (lead-in and experimental), the 4 group categories, and the timeline for 
the diets/treatments is shown in Figure 1A. Male 3-month-old C57BL/6 WT mice of  comparable mean 
body weights were randomized to 4 weeks (lead-in phase) of  either LFD (D12450J) or HFD (D12492) 
(Research Diets); note that the sucrose content is kept constant in both diets, whereas the percentage of  
kilocalories from fat differs (LFD = 10%, HFD = 60%). The composition of  the diets is provided in Sup-
plemental Table 1. After 4 weeks on the diet (lead-in phase), baseline measurements were performed (as 
detailed in the sections below) on all mice at 4 months of  age. After the lead-in phase of  diet acclimation 
and baseline measurements, the 4-month-old mice were then secondarily randomized to a single dose, 
injected intraperitoneally, of  either VEH (50 mM sodium citrate buffer, pH 4.5) or STZ (100 mg/kg dis-
solved in VEH, MilliporeSigma) and kept on the same diet for the following 12 weeks (experimental phase). 
Importantly, this dose of  STZ does not cause diabetes in LFD- or chow-fed mice (17–19). In contrast, and 
consistent with our data (see Results), previous studies have established that in the setting of  HFD-induced 
obesity, this dose of  STZ causes several features of  T2D, including hyperglycemia, defects in insulin sen-
sitivity and secretion, and reduced pancreatic β cell mass/capacity (17–19). Following the 4-week lead-in 
phase (LFD or HFD) and the single-dose treatment (VEH or STZ), mice in each of  the 4 groups (LFD/
VEH n = 10; LFD/STZ n = 10; HFD/VEH n = 10; HFD/STZ n = 10) were, as noted above, kept on their 
randomized diet for an additional 12 weeks (experimental phase), after which endpoint measurements 
were performed, followed by euthanasia and tissue harvesting. Thus, all mice were 7 months of  age at nec-
ropsy (i.e., 1 month of  lead-in phase, 3 months of  experimental phase). During the 12-week experimental 
phase, nonfasted glucose measurements were obtained weekly, at the same time of  day, from blood (taken 
by nicking the distal part of  the tail) using a FreeStyle Lite glucose monitor (Cardinal Health Pharmacy). 
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HFD/STZ mice with median glucose levels more than 250 mg/dL between 2 and 12 weeks after STZ 
injection were included in the T2D group, in accordance with previous criteria for the diagnosis of  T2D 
in mice (17–19). Importantly, this definition of  T2D in C57BL/6 mice is common throughout the diabetes 
and skeletal literature (10, 22). HFD/STZ (i.e., T2D) mice not reaching median glucose levels more than 
250 mg/dL by 6 weeks post-STZ did not continue in the study. As shown in Results, each of  the 3 other 
groups (i.e., LFD/VEH, LFD/STZ, and HFD/VEH) consistently had glucose values less than 200 mg/dL 
throughout the study. In addition to glucose, nonfasted measurements of  HbA1c (percentage) and insulin 
(nanograms/milliliter) were obtained from tail blood and lateral saphenous vein plasma, respectively, at 
baseline, midpoint, and endpoint of  the experimental phase, as detailed below (see Biochemical assays).

Mouse assessments of  body composition. Body mass (grams) was recorded on all mice at the onset of  the 
lead-in phase (age 3 months) and at baseline (age 4 months), midpoint (age 5.5 months), and endpoint (age 
7 months) of  the experimental phase. At baseline and endpoint of  the experimental phase, body composi-
tion (i.e., whole-body lean grams and fat mass grams) was assessed in vivo using quantitative Echo magnet-
ic resonance imaging (EchoMRI-100) in mice that were nonanesthetized and conscious, as described (56).

Mouse tissue collection and assessments. Prior to sacrifice, body mass (grams) was recorded and serum 
was collected in the morning (under nonfasting conditions) from anesthetized mice via cardiac punc-
ture and stored at –80°C. After euthanasia, the tibiae, femurs, humeri, and vertebrae were excised from 
the mice and skeletal muscle/connective tissues were removed. The right femur was stored in gauze 
soaked with 0.9% saline (NaCl) at –20°C for direct biomechanical strength testing by 3-point bending 
(see Three-point bend testing). The left femur was stored in saline-soaked gauze at –20°C for biomaterial 
RPI testing (see RPI testing). A portion of  the lumbar vertebrae (L3–4) was stored in saline-soaked gauze 
at –20°C for biomechanical Compression load testing and biomaterial Nanoindentation testing, as detailed 
below. The right tibia and part of  the lumbar vertebrae (L5–6) were fixed in ethanol (EtOH) before ex vivo 
μCT scanning (see Skeletal imaging). After scanning and image analysis, the nondecalcified right tibia 
was embedded in methyl methacrylate and sectioned for histomorphometry, immunohistochemistry (see 
Skeletal histomorphometry assessments), and FISH (see SADS analysis of  osteocytes). The left tibia was used 
to generate an osteocyte-enriched cortical bone sample prepared by cutting the metaphyses, flushing the 
bone marrow from the diaphysis with FACS buffer, followed by centrifuging to remove bone marrow 
elements. The remaining osteocyte-enriched samples were immediately homogenized in QIAzol Lysis 
Reagent (QIAGEN) and frozen at –80°C for rt-qPCR mRNA gene expression analyses (see rt-qPCR 
analysis). Soft tissues were excised from the humeri and thoracic vertebrae, which were subsequently 
centrifuged to remove bone marrow and then decalcified in DeCal HCl/EDTA solution (StatLab) for 
24 hours. Complete decalcification was verified using dual-energy x-ray absorptiometry with the Lunar 
PIXImus densitometer (software version 1.44.005; Lunar Corp.), as defined by a BMD of  0.00 g/cm2. 
Decalcified bones were crushed to powder under liquid N2 and stored at –80°C for analysis of  AGEs (see 
Quantification of  AGEs). Finally, the pancreas was fixed in formalin for 24 hours and subsequently stored 
in 100% EtOH for quantifying β cell area (see Immunofluorescence analysis of  pancreatic islet cells).

Skeletal imaging. All imaging and analysis were performed in a blinded fashion as described by our 
group previously (11, 12, 56) and as detailed in Supplemental Methods.

Compression load testing. Tests of  compression loading were performed in a blinded fashion as described 
by our group previously (12) and as detailed in Supplemental Methods.

Three-point bend testing. Details regarding the particulars of  the 3-point bend testing are provided in 
Supplemental Methods.

Nanoindentation testing. Nanoindentation testing was performed in a blinded fashion as described previ-
ously by our group (12) and as detailed in Supplemental Methods.

RPI testing. Details regards the particulars of  the RPI testing are provided in Supplemental Methods.
Skeletal histomorphometry assessments. All bone histomorphometry analyses were performed in blinded 

fashion as previously described by our group (12) and as detailed in Supplemental Methods.
Immunofluorescence analysis of  pancreatic islet cells. As described (57), pancreata were processed and embed-

ded in paraffin using an Excelsior ES Tissue Processor and a HistoStar Embedding Workstation (Thermo 
Fisher Scientific); 0.4 μm sections were cut using an HM 325 Rotary Microtome (Thermo Fisher Scientific). 
For quantification of  β cell area, paraffin-embedded pancreatic sections were stained with DAPI and for 
insulin (ab7842, 1:100; Abcam). All slides were viewed, imaged, and analyzed using a Zeiss Axio Observer 
Z1 microscope (Carl Zeiss Microscopy, LLC) and ZenPro software (Carl Zeiss Microscopy, LLC).
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Biochemical assays. All biochemical assays were performed in blinded fashion, as detailed in Supplemen-
tal Methods.

Quantification of  AGEs. Measures of AGEs, including CML and pentosidine in bone tissue and in nonfast-
ed circulating serum samples, were performed using mass spectrometry as detailed in Supplemental Methods.

rt-qPCR analysis. Details for the rt-qPCR procedures and analyses are provided in Supplemental Methods.
SADS analysis of  osteocytes. Detailed procedures for the SADS assay are provided in Supplemental Methods.
TAF analysis of  osteocytes. To measure cellular senescence in osteocytes of  the diaphyseal cortex, the TAF 

assay (n = 10/group) was performed on murine right tibia nondecalcified methyl methacrylate–embedded 
sections. Our protocol was adapted from a previous study (28). Bone sections were deplasticized and hydrat-
ed in EtOH gradient followed by water and PBS. Antigen was retrieved by incubation in Tris-EDTA (pH 
9.0) at 95°C for 15 minutes. After cooldown and hydration with water and PBS (0.5% Tween-20/0.1% Tri-
ton X-100), slides were placed in blocking buffer (1:60 normal goat serum; Vector Laboratories; S-1000; in 
0.1% BSA/PBS) for 30 minutes at room temperature (RT). Primary antibody γ-H2AX (1:200; anti–γ-H2A.X 
rabbit monoclonal antibody, Cell Signaling Technology; 9718) was diluted in blocking buffer and incubat-
ed overnight at 4°C. The next day, slides were washed with PBS (0.5% Tween-20/0.1% Triton X-100) fol-
lowed by PBS alone and then incubated for 30 minutes with secondary goat, anti-rabbit antibody biotinylated 
(1:200; Vector Laboratories; BA-1000) in blocking buffer. Subsequently, slides were washed with PBS (0.5% 
Tween-20/0.1% Triton X-100) followed by PBS alone, then incubated for 60 minutes with tertiary antibody 
(1:500; Cy5 Streptavidin, Vector Laboratories; SA-1500) in PBS. Slides were then washed 3 times with PBS, 
followed by FISH for TAF detection. Briefly, following 4% paraformaldehyde cross-linking for 20 minutes, 
sections were washed 3 times (5 minutes each in PBS) and dehydrated in graded (70%, 90%, and 100%, 3 
minutes each) ice-cold EtOH. Sections were then dried and denatured for 10 minutes at 80°C in hybridization 
buffer: 0.1 M Tris (pH 7.2), 25 mM MgCl2, 70% formamide (MilliporeSigma), 5% blocking reagent (Roche), 
with 1.0 μg/mL of Cy3-labeled telomere-specific (CCCTAA) peptide nucleic acid probe (TelC-Cy3, Panagene 
Inc.; F1002), followed by humidified dark room hybridization for 2 hours at RT. Sections were then washed 
and mounted with VECTASHIELD DAPI-containing mounting medium (Life Technologies) before image 
acquisition and analysis. The number of  TAF per osteocyte was quantified in a blinded fashion by examin-
ing overlap of  signals from the telomere probe with γ-H2AX (i.e., phosphorylation of  the C-terminal end of  
histone H2A.X — a marker of  double-strand breaks in DNA). The mean number of  TAF per osteocyte in 
cortical bone diaphyses was quantified using FIJI (an ImageJ distribution software; NIH, https://imagej.nih.
gov/ij/), and the percentage of  TAF+ OCYs was calculated for each mouse based on the following criteria: 
percentage of  OCYs with ≥1 TAF, percentage of  OCYs with ≥2 TAF, and percentage of  OCYs with ≥3 TAF.

Statistics. Graphical data are shown as means ± SEM unless otherwise specified. Sample sizes, determined 
based on pilot or previously conducted and published experiments (e.g., Farr et al., refs. 11, 12) in which statisti-
cally significant differences were observed among various bone parameters in response to multiple interventions 
in our laboratory, are indicated in the figure legends; all samples presented represent biological replicates. No 
mice, samples, or data points were excluded from analyses. Data were examined for normality and distribu-
tion using dot plots and histograms; all variables were examined for skewness and kurtosis. If  the normality 
or equal-variance assumptions for parametric analysis methods were not met, data were analyzed using non-
parametric tests (e.g., Wilcoxon’s rank-sum test). For parametric tests, depending on the comparison, differenc-
es between groups were analyzed by 2-tailed independent samples t test or 1-way ANOVA, where justified as 
appropriate (see figure legends). When ANOVA determined a statistically significant (P < 0.05) effect, pairwise 
multiple comparisons were performed and the Tukey post hoc method was applied. Statistical analyses were 
performed using either GraphPad Prism (Version 8.0) or the Statistical Package for the Social Sciences for Win-
dows, Version 25.0 (SPSS, Chicago, IL). A P value less than 0.05 (2 tailed) was considered statistically significant.

Study approval. Animal studies were performed under protocols approved by the IACUC, and experi-
ments were performed in accordance with Mayo Clinic IACUC guidelines.
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